Caspases are a large family of cysteine proteases that play an essential role as effectors of apoptosis in metazoans. Thirteen different caspases have been identified in vertebrates so far, and their function in apoptotic or inflammatory responses is well documented. We have taken advantage of the broadly accepted condition of amphioxus (Cephalochordata, Branchiostoma floridae) as the closest living relative to vertebrates to study the molecular evolution of caspases. Here we report for the first time the pattern of programmed cell death during development of cephalochordates. We also describe the isolation and functional characterisation of the first caspase related gene in amphioxus, which we named AmphiCASP-3/7. The amphioxus caspase is expressed throughout development, from the gastrula to larva stage. AmphiCASP-3/7 induced cell death when ectopically expressed in human HEK 293T cells, and the recombinant protein was inhibited by DEVD peptides. AmphiCASP-3/7 reflects the primitive condition of the executor vertebrates caspases -3 and -7, prior to vertebrate specific duplication. Interestingly, Amphi-CASP-3/7 is functionally closer to vertebrate caspase-7, as shown by substrate specificity both in vitro and in MCF7 cells. Our phylogenetic and functional data help in drawing the evolutionary history of caspases, and illustrates an example of acquisition in vertebrates of novel functional properties after gene duplication.
Introduction
Apoptosis is the morphological manifestation of programmed cell death (PCD), a genetically controlled mechanism that is used to remove surplus or damaged cells during embryonic development and in the adult. 1 The number of known molecules controlling apoptosis has rapidly grown during the past few years. Among them, there is a large family of cysteine proteases that cleave proteins after aspartate residues and are therefore named caspases. These proteases are now considered the core of the apoptotic machinery during the execution phase of apoptosis. 2 ± 7 Caspases are synthesised as inactive zymogens composed of an amino-terminal prodomain, a large subunit and a small carboxy-terminal subunit. Proteolytic processing of the proenzyme at internal aspartate sites results in the removal of the prodomain and the formation of active heterodimers composed of two large and two small subunits. 8 ± 10 Active caspases recognise tetrapeptidic target sites, which are cleaved after an aspartate residue and are themselves activated by cleavage at specific aspartate sites. 3, 4, 11 Ten different human caspases were initially identified. 12, 13 Since the cloning of two new caspases in mouse (caspase-11 and caspase-12) 14 and the identification of the human and mouse caspase-14 representatives, of motifs involved in protein ± protein interactions, the Death Effector Domain (DED) and the Caspase Recruitment Domain (CARD). Apoptotic caspases with long prodomains (caspase-2, -9, -8 and -10) are also known as initiator or apical caspases and are able to be autoactivated when aggregated with adaptor molecules. Caspases with short prodomains (executor or effector caspases) are usually activated by the initiator caspases. 19 ± 21 Consistent with this, initiator caspases exhibit a substrate preference for cleavage sites found in caspase precursors, while effector caspases act preferentially on other cellular substrates. 6 Albeit this general outline of the hierarchy of caspases is generally accepted, the particular contribution of an individual caspase to the execution of the cell remains speculative. Analysis of cells from caspase-3 mutant mice or cell lines deficient in caspase-3 have established that this protein is the main executor caspase. 22 ± 25 Recently it has also been shown than depletion of either caspase-7 or caspase-6 from cell free extracts has minimal impact on apoptotic characteristics. 26 However, while caspase-7 null mice are embryonically lethal, caspase-6 mutant mice do not exhibit major developmental defects. 27 Tissue specific regulation and partial redundancy of these proteins may account for these discrepancies.
Caspases homologous have been described in a few taxa. The isolation of Hv Casp3A and Hv Casp3B in Hydra vulgaris, 28 and detection of apoptosis tightly linked with morphogenesis in Hydractina echinata metamorphosis 29 supports the idea that the advent of the apoptosis was instrumental for the evolution of metazoans. Although three novel caspases have been cloned in the nematode Caenorhabditis elegans, 30 only ced-3 is necessary to promote all the developmental programmed cell death in the worm. 31 In Drosophila melanogaster, seven different caspases have been described to date. An outline of the apoptotic signalling pathways is currently emerging, where DREDD, DRONC and STRICA may act as initiator caspases, while DCP-1, drICE, DECAY and DAMM are believed to be executor caspases. 32, 33 DREDD and DRONC contain long prodomains carrying DED and CARD motifs respectively 34, 35 and STRICA contains a long prodomain with unique serine/threonine stretches. 36 DCP-1, drICE, DECAY and DAMM are short-prodomain caspases with a cleavage preference for DXXD sites. 37 ± 41 It has also been described that DRONC is able to process itself and to activate the effector caspase drICE. 42 However, the precise pathway of activation of Drosophila caspases have remained elusive, and the evolutionary relations of Drosophila and vertebrate caspases is confusing, most probably due to the higher degree of divergence of the Drosophila genes.
Amphioxus has recently received high attention in the fields of comparative development and genomics. Cephalochordates are the closest extant relatives to vertebrates, and retain a sort of frozen, vertebrate-like, primitive genome. 43 Increasing molecular data is providing definite evidence for extensive genome duplications during the evolution of vertebrates. Particularly, large increasing in gene numbers, up to full poliploidization, has been claimed at the time of vertebrate origins, just after the split between cephalochordate and vertebrate lineages. 44 ± 46 Hence, amphioxus is a key landmark for the study of a given vertebrate multigenic family.
Here, we report the first description of programmed cell death in amphioxus early embryos and larvae. Furthermore, we report the isolation, expression and functional characterisation of the first caspase related protein in a non-vertebrate chordate. AmphiCASP-3/7 messenger was detected throughout the embryonic and larval development from the gastrula stage. AmphiCASP-3/7 has a canonical caspase structure that consists of an amino-terminal short prodomain, a large subunit containing a QACRG catalytic consensus site and a carboxy-terminal small subunit. AmphiCASP-3/7 induced cell death when overexpressed in HEK 293T cells, and the removal of the prodomain resulted in an increased ability to promote cell death. Sequence analyses establishes AmphiCASP-3/7 as the vertebrate caspase-3/caspase-7 pre-duplicative and prototypic counterpart. However, both the in vitro enzymatic activity and the inability to rescue the MCF7 caspase-3 deficient cell line most closely relates AmphiCASP-3/7 to caspase-7 than to caspase-3. These results suggest that most properties of the caspase-3 arose after gene duplication at vertebrate origins, thus such properties may be considered novelties during the evolution of vertebrates.
Results
Evidence for programmed cell death during amphioxus embryonic and larval development Programmed cell death has been implicated in a wide range of functions during embryonic development. Thus, selective cell death could be useful in sculpting forms and cavities or deleting structures, adjusting cell numbers or eliminating harmful cells. We have taken advantage of the TdT (terminal desoxynucleotidiyl transferase) mediated dUTP nick endlabelling (TUNEL) technique to detect the characteristic DNA fragmentation which occur during normal developmental cell death. The pattern of apoptosis during amphioxus embryonic and larval development is depicted in Figure 1 .
The earliest stage of amphioxus development that showed TUNEL positive nuclei was the neurula. Apoptotic nuclei were never detected at earlier stages. Thus, the first distinct pattern of TUNEL-positive cells was detected in a broad ventral region of the early neurula that corresponds to the two more posterior thirds of the archenteron ( Figure  1A ). Later on, as the embryo grew in length, signals were spread over the gastrodermis ( Figure 1B) . At this stage a strong spotted signal was detected in the anterior left side of the late neurula, in a region where the embryonic mouth will open to the exterior ( Figure 1C ). At 30-h post fertilisation, a number of the late embryos were found to be almost depleted of apoptotic nuclei. The few remaining embryos exhibited the signal confined to clusters of cells in the embryonic gut ( Figure 1D ), and at the 2-day larval stage the staining pattern changed substantially ( Figure  1E ). Apoptotic cells were found in the gill slits, serial structures which open the pharynx to the exterior. At the same stage, the posterior tip of the organism was strongly stained ( Figure 1F ).
As a negative control, embryos were included in a TUNEL detection in which TdT enzyme was omitted and as expected, no positive nuclei were found ( Figure 1G ). As a positive control, embryos were treated with DNase prior to the TUNEL-reaction, which resulted in an extensive staining of nuclei throughout the embryo ( Figure 1H ).
AmphiCASP-3/7, the first caspase described in amphioxus
To gain insights into the apoptotic mechanisms in amphioxus, we started a search for caspase related sequences in this organism. Degenerate PCR amplification of amphioxus genomic DNA and embryonic cDNA yielded different types of products. Of them, translation of CSPF7 gave an ORF that was 63% identical with the human caspases-3 and -7.
Screening of a cDNA library using this product as a probe yielded 11 positive clones. Mapping of these clones with seven different restriction enzymes revealed only partially coincident restriction patterns. Sequence analysis showed that all these cDNA clones encode the same protein. On the basis of the homology of the new amphioxus protein with vertebrates caspases-3 and -7 we named it AmphiCASP-3/7. Differences between clones may reflect the normal variability in restriction site polymorphism in wild populations of amphioxus.
The overall structure of the longest messenger exhibited a short 5'UTR (untranslated region) of 169 bp and a long 3'UTR of around 2 kb (Figure 2A ). Presence of big trailer sequences have been previously reported for human caspases -3 and -7. 47, 48 AmphiCASP-3/7 protein has a predicted sequence of 328 amino acids with a high degree of homology to vertebrate caspases, especially with representatives of the caspase-3 subfamily. When compared to the GenBank database, it exhibited approximately 55 ± 57% identity (71 ± 72% similarity) with different vertebrate caspase-7 proteins; 49 ± 51% identity (65 ± 70% similarity) with vertebrate caspase-3 representatives; 44 ± 48% identity (57 ± 64% similarity) with vertebrate caspase-6 proteins; 43 ± 45% identity (57 ± 63% similarity) with Spodoptera frugiperda caspase-1, Drosophila drICE and DCP-1, and was more distantly related to vertebrate caspase-8 (39 ± 41% identity, 54% similarity), Drosophila DECAY (38% identity, 55% similarity) or Drosophila DAMM (27% identity, 42% similarity). Aminoacidic sequence alignment of AmphiCASP-3/7 with human caspases containing short prodomains showed that the amphioxus caspase exhibited a primary structure clearly related to the so-called effector caspases ( Figure  2B ). In particular, the putative cleavage sites (open boxes) were well conserved between AmphiCASP-3/7 and human caspases-3 and -7. These aspartate positions denoted the presence of a short prodomain (PD), a long subunit (L) and a short subunit (S, Figure 2A ). The QACRG pentapeptide motif present in most caspases was also conserved in the amphioxus caspase. Moreover, the positions His163, Gly164 and Cys205 of the AmphiCASP-3/7 protein were in agreement with the consensus of residues implicated in catalysis (filled circles). The Arg106, Gln203, Arg255 and Ser261 residues (filled diamonds), which could form a binding pocket for the P1 aspartate acid, were conserved among all proteins in the alignment. However, the putative residues which form the P2 ± P4 pocket (open diamonds), particularly the Trp254, Asn256, Pro257 and Arg259, 10 clearly related AmphiCASP-3/7 to human caspase-3 and caspase-7, suggesting a preference of this protease for an aspartate residue at the P4 position.
Amphioxus caspase 3/7 is expressed throughout development from gastrula to larva Whole mount in situ hybridization of amphioxus embryos and larva was performed with specific riboprobes of the AmphiCASP-3/7 messenger ( Figure 3 ). AmphiCASP-3/7 was first expressed by the onset of gastrulation, where a faint signal was seen in mesodermal tissues ( Figure 3B ). Later during the neurula stage, AmphiCASP-3/7 was detected mainly around the notochord and paraxial mesoderm ( Figure  3C ,D). Of note is that the body wall epidermis did not express AmphiCASP-3/7 messenger. As embryos grew the signal expanded among almost all tissues except the epidermis and became less intense ( Figure 3E ,F). At the early larva stage, a strong signal appeared in the posterior ventral region, with an extended shape that may correspond to the neurenteric canal ( Figure 3G ). This pattern was maintained during larval development. The profile of expression did not correlate with the TUNEL data, except for the onset of expression of AmphiCASP-3/7, which preceded the first apoptotic signals.
AmphiCASP-3/7 could represent the pre-duplicative ancestor of vertebrate caspases-3 and -7
Molecular phylogenetic analysis was performed using the whole aminoacidic sequence of all the short prodomain caspases described so far in vertebrates and Drosophila melanogaster. A distance tree constructed by the Neighbour Joining Method is shown in Figure 4 . Maximum Parsimony Analysis produced similar results, but with lower bootstrap values. The overall topology of the dendrogram supported three main clades, which corresponded to the caspase-3, caspase-7 and caspase-6 vertebrate families, while the human and mouse caspase-14 and the Drosophila caspases were placed apart. AmphiCASP-3/7 sequence located as the sister group of caspase-3 and -7, with a bootstrap value of 87.4%, and can not be considered closer to either caspase-3 or caspase-7. As Southern blot analysis of genomic DNA from a single organism yielded a hybridization signal that was compatible with the pattern of a single copy gene ( Figure 5 ), we suggest that caspase-3 and caspase-7 arose in the lineage leading of vertebrates by duplication of an ancestral gene from which AmphiCASP-3/7 is the amphioxus representative. The tree also predicted that the caspase-6 family appeared before the split of cephalochordates and vertebrates and could be represented in the amphioxus genome. Whether or not other caspases, in particular caspase-1, caspase-8 or caspase-9 representatives, are present in the amphioxus genome is an unsolved question. The degenerate primers designed to address the cloning of effector caspases in amphioxus do not allow the detection of other caspases. Another strategy would be necessary to characterise the whole amphioxus caspase family. Regions from which the riboprobes (grey bars) and southern probe (white bar) were designed are also indicated and labelled accordingly. (B) Aminoacid sequence alignment of AmphiCASP-3/7 with human caspases containing short prodomains was obtained using CLUSTAL W program at the European Bioinformatics Institute. Black shaded indicates identity and grey shaded indicates conservation in at least three out of five sequences, respectively. Filled circles indicate residues implicated in catalysis. Open diamonds identify residues which forms the P2-P4 pocket and those implicated in the P1 binding pocket are indicated with filled diamonds. Putative internal cleavage sites are boxed. E, EcoRI; K, KpnI; H, HindIII; P, PstI; S, SalI; Xb, XbaI; Xh, XhoI; PD, Prodomain; L, Large subunit, S, Small subunit
Overexpression of AmphiCASP-3/7 induces apoptosis in HEK 293T cells
Several reports on the cloning of new caspases have consistently proved that many caspases induce apoptotic cell death when overexpressed in cultured cells. It is worth nothing that in a few examples the removal of the prodomain was necessary to induce apoptosis. This was the case for drICE overexpression in Drosophila S2 cells 38 and caspase-7 ectopic expression in either MCF-7 or COS cells. 49, 50 Removal of the prodomain was not necessary for DRONC and DECAY to induce cell death in 3T3 cells 35, 40 or for STRICA to induce death in SL2 cells. 36 To confirm that AmphiCASP-3/7 is indeed a caspase, we transiently transfected HEK 293T cells with either the full-length AmphiCASP-3/7 or a mutated version lacking the first 41 residues roughly corresponding to the predicted prodomain. Thirty-six hours post-transfection, about 40% of the cells expressing wild-type AmphiCASP-3/7 exhibited bleebing and chromatin condensation. This represent a threefold increase when compared with cells transfected with the empty pCDNA3 expression vector ( Figure 6 ). Similar results were obtained by expressing human caspase-3 and human caspase-7. Interestingly, removal of the amino-terminal domain of AmphiCASP-3/7 resulted in a considerable increase in the percentage of apoptotic cells. Altogether, these results clearly demonstrate that AmphiCASP-3/7 is a typical caspase that induces programmed cell death when overexpressed in mammalian cells. Moreover, differences between the cell death inducing activity of whole Amphi-CASP-3/7 or the truncated form lacking the prodomain, strongly suggest a role for the amino-terminal domain of AmphiCASP-3/7 in regulating the activity of this enzyme, thus demonstrating that it is not only structurally, but also functionally, a prodomain.
Amphioxus caspase-3/7 protein has a substrate specificity similar to the executor caspases
To further characterise the substrate preference of the amphioxus caspase, we expressed the wild-type Amphi-CASP-3/7 and the catalytic mutated form in which Cysteine 205 was changed to Serine (C205S) in E. coli. A caspase assay was performed with the soluble fraction of bacterial lysates using fluorogenic peptidic substrates as described previously. 40 Recombinant AmphiCASP-3/7 protein efficiently cleaved the caspase-3/caspase-7 substrate Ac-DEVD-afc, while the caspase-6 substrate Ac-VEID-afc and the caspase-8 substrate Ac-IETD-afc were not processed ( Figure 7A ). As expected, the mutation of the Cys 205 to Ser (C205S) completely abolished the AmphiCASP-3/7 activity. Preincubation of the lysates with the specific executor caspase inhibitor z-DEVD-fmk and the broad range inhibitor z-VADfmk also prevented processing of Ac-DEVD-afc peptides.
AmphiCASP-3/7 substrate preference was quite similar to that found for human caspase-7. On the contrary, in our hands human caspase-3 showed significant cleavage activity not only on the Ac-DEVD-afc peptides, but also on the Ac-VEID-afc and the Ac-IETD-afc peptides. Even at saturating protein concentrations neither AmphiCASP-3/7 nor caspase-7 significantly cleaved the Ac-VEID-afc substrate, while caspase-3 was able to process equally both Ac-DEVD-afc and Ac-VEID-afc substrates ( Figure 7B) . It has recently been demonstrated that caspase-3 exhibits 
150-fold greater activity than caspase-7 when a valine is placed at P4 position. 51 The absence of activity on Ac-VEID-afc and Ac-IETD-afc substrates agrees with the higher sequence homology of AmphiCASP-3/7 with caspase-7 than with caspase-3.
AmphiCASP-3/7 protein can not rescue the phenotype of MCF7 caspase-3 deficient cells
Since it is becoming clearer that each type of cell expresses a complex subset of caspases, we took advantage of the fact that the MCF7 breast carcinoma cell-line lacks active caspase-3 22 to further characterise AmphiCASP-3/7 during cellular apoptosis. MCF-7 cells fail to degrade several substrates upon apoptosis induction. From this, it was concluded that caspase-3 is required for a-fodrin processing, 23 and also for proper cleavage and activation of both DFF45 and gelsolin. 52 MCF-7 cells were transiently transfected with carboxy-terminal FLAG tagged forms of caspase-3, AmphiCASP-3/7 or a truncated form of Amphi-CASP-3/7 lacking the prodomain, then their ability to process either a-fodrin or DFF45 upon staurosporine treatment was assessed by Western blot. As expected, overexpression of caspase-3 in MCF7 restored the ability of these cells to produce the 120-kDa fragment resulting from the specific cleavage of a-fodrin by active caspase-3. Moreover, the p-11 carboxy-terminal fragment of DFF45, which results from the cleavage and activation of DFF45 by caspase-3, was also observed in MCF7 cells expressing caspase-3 when they were treated with staurosporine ( Figure 8A ). On the contrary, neither a-fodrin nor DFF45 were properly processed in MCF7 cells expressing AmphiCASP-3/7 or its truncated version. It is well known that internucleosomal DNA fragmentation depends on the activity of CAD, which is activated when its inhibitor ICAD is processed by active caspase-3. Consistently with this, MCF7 cells do not exhibit DNA laddering when treated with different apoptotic stimulus. Transient transfection of caspase-3 was able to rescue the nuclear phenotype in MCF7 cells and a pattern of DNA degradation was observed ( Figure 8B ). However, ectopic expression of either wild-type AmphiCASP-3/7 or the truncated form lacking the prodomain did not promote any change in the apoptotic DNA degradation of MCF7 cells. Thus, a-fodrin cleavage, DFF45 cleavage and activation, and DNA degradation were not observed in staurosporine-induced apoptotic cells transfected with either AmphiCASP-3/7 or truncated AmphiCASP-3/7, albeit the level of expression of these proteins was comparable to that of caspase-3 (as detected by Western blot using an anti-FLAG antibody). Altogether, these results strongly support the hypothesis that AmphiCASP-3/7 is more closely related to caspase-7 than to caspase-3. 
Discussion
Animal development is based on multiple cellular functions, and recently programmed cell death has been receiving much attention. The contribution of programmed cell death to the development of vertebrates and a few invertebrate taxa, which include Arthropods, Nematodes and Cnidarians, has been well documented. Here, we describe for the first time the pattern of developmental cell death in amphioxus, the closest invertebrate relative to vertebrates. 43 Amphioxus offers a stereotypical model of development which gives rise to a primitive embryonic body form representative of the vertebrate embryo.
The pattern of DNA fragmentation detected by the TUNEL technique clearly demonstrated that apoptosis takes place during amphioxus development. There were several examples of normal programmed cell death, which occurred in a reproducible manner at specific stages of amphioxus development. Since treatment in vivo of amphioxus embryos with caspase inhibitors involves complex logistics, we were unable to perform these experiments. Therefore, we can only speculate that this pattern of cell death could be related with morphogenesis during amphioxus development. Thus, the restricted signal detected in the ventral part of the neurula may be an example of cavitation related with the archenteron formation. Later on, at the late neurula stage, the gastrodermic signal could reflect the renewal of the epithelia. Interestingly, the clusters of cells that were detected at this stage in the left anterior body wall could correspond to the position of mouth formation. In amphioxus, the mouth opening is an asymmetric process that involves an endodermal thickening in the left wall of the archenteron.
In the larva, the gill slit region appeared strongly stained. Gill slits develop from the endoderm, then migrate to fuse with the ectoderm and break through the body wall. Their formation could represent a good example of programmed cell death involved in hollowing out solid structures. The tail also exhibited active programmed cell death in the larva stage. Consistently with this, cells located in the most posterior tip of the larva exhibit prominent cilia that will be lost in the adult, presumably by apoptosis.
It is worth noting the great variability in the distribution of TUNEL staining for each stage analyzed in all the experiments carried out. Thus, a fraction of the embryos were negative for each stage analyzed. It has been proposed that programmed cell death takes place during development in a well controlled temporal window, and cells that undergo cell death are degraded rapidly. As amphioxus embryos coming from a fertilized spawn are not perfectly synchronous, the rapid clearance of dead cells may explain the existence of embryos showing no staining.
Apart from the well stereotyped and reproducible patterns of cell death described above, there were some positive signals which change from embryo to embryo, with no defined pattern and an almost random distribution. These signals could be explained by the elimination of damaged cells, where patches of positive cells may originate from a single cell. These scattered signals were often localised along the body wall. As amphioxus embryo and larva show ectodermal derived cilia, which are retained until metamorphosis begins, the epidermic positive cells mentioned above may be a sign of the selective deletion of the ciliar epithelium.
AmphiCASP-3/7 was ubiquitously expressed throughout amphioxus development in most tissues, which suggest a role of AmphiCASP-3/7 in conferring the ability to die rather than instructing the apoptotic cell death during development. An exception was the high accumulation of AmphiCASP-3/7 messenger detected in the neurenteric canal, structure which connects temporarily the neural tube with the gut cavity that is eliminated during the larval development. How this up-regulation of AmphiCASP-3/7 expression could be related to the deletion of the neurenteric canal is an unsolved question. Nevertheless, in our hands TUNEL whole mount experiments have never revealed any indication of apoptosis inside this canal.
Mammalian effector caspases are a subgroup of apoptotic caspases mainly characterised by the presence of a short prodomain, an initiator caspase dependent activation, and a preference of cleavage sites found in cellular substrates. Among them, caspase-3 and caspase-7 seem to share a common origin by gene duplication. They exhibit 56% identity (72% similarity) at the aminoacid sequence level, and they share five intronic positions in their coding region. Mapping of caspase-3 in 4q34 and of caspase-7 in 10q25, 53 two chromosomal regions which exhibit traits of paralogy, strongly support that both genes arose in vertebrates by genome duplication. Moreover, the in vitro activities of caspase-3 and caspase-7 are nearly indistinguishable. The caspase coding sequence described in amphioxus was compatible with a hypothetical ancestral caspase-3/ caspase-7 protein. First, structural homology, analyzed by phylogenetic methods, stated AmphiCASP-3/7 is equally (and closely) related to vertebrate's caspase -3 and -7. Second, albeit the degenerate PCR approach has allowed amplifying other amphioxus sequences related to caspases (JR Bayascas and J Comella, unpublished results), no other homologous to caspase-3 nor to caspase-7 has been cloned. Third, moderate stringency screening of cDNA libraries yielded a high number of positive clones, all coding for the same protein. Fourth, Southern blot analysis does not suggest the existence of genes closely related to AmphiCASP-3/7.
Evolution of vertebrates involved an increase in anatomical complexity, which was supported by genome wide duplications followed by maintenance of multiple members of many gene families. 44 ± 46 Altogether our data suggest that vertebrate caspases-3 and -7 arose by duplication of a gene closely related to AmphiCASP-3/7 in the vertebrates lineage. Figure 7 AmphiCASP-3/7 has a substrate specificity similar to caspase-7. (A) Fifty micrograms of bacterial lysates from clones expressing recombinant human caspase-3 (hCASP3), human caspase-7 (hCASP7), amphioxus AmphiCASP-3/7 (CASP37) and mutated AmphiCASP-3/7 (C205S) were assessed for the ability of cleave different fluorogenic substrates for 7 h at 378C. AmphiCASP-3/7 extracts were also either left untreated or pre-incubated with 20 mM of the inhibitors DEVDfmk and VAD-fmk. As a control, extracts from cultures transformed with the empty vector were included (Pet21a). Caspase activity was monitored measuring the -afc release on Ac-DEVD-afc (black bars) Ac-VEID-afc (white bars) and Ac-IETD-afc (grey bars) substrates as arbitrary fluorescence units in a Bio-Tek FL 600 fluorimeter (Izasa, Spain) at 360 nm (40 nm bandwidth) of excitation and 530 nm (25 nm bandwidth) of emission. Data (+S.E.M.) were derived from one experiment performed in triplicate. (B) Different concentrations (mg) of bacterial lysates expressing recombinant human caspase-3 (filled squares), caspase-7 (filled circles) and AmphiCASP-3/7 (open circles) were assessed for their ability to process Ac-DEVD-afc (left plot) and Ac-VEID-afc (right plot) as described in (A) Nevertheless, overall sequence homology indicated great similarity of AmphiCASP-3/7 with caspase-7 representatives. Although the second putative cleavage site of AmphiCASP-3/7 was equally related to both caspase-3 and caspase-7, the caspase target site located between the prodomain and the large subunit was well conserved between amphioxus caspase and caspase-7. Moreover, AmphiCASP-3/7 shares with caspase-7 an almost exclusive preference for DEVD peptides in the flourogenic caspase assay, while caspase-3 is able to process also Ac-VEID-afc and Ac-IETD-afc substrates. The lack of complementation of MCF7 cells transfected with Amphi-CASP-3/7 ruled out the possibility of AmphiCASP-3/7 being a caspase-3 orthologue.
It is well known that caspase-3 is the main effector caspase in vertebrates, accounting for cleavage of many cellular substrates which are degraded during apoptosis. Since our results suggest that AmphiCASP-3/7 is a bona fide representative of the ancestral caspase-3/caspase-7 duplication, it could be proposed that caspase-3 has acquired most of its functional innovations during the evolution of vertebrates, while caspase-7 has retained a more ancestral condition.
Materials and Methods

Species
Adults Amphioxus (Branchiostoma floridae) were collected from Old Tampa Bay (Florida, USA). Ripe male and females were induced to spawn by electro-shocking. After in vitro fertilization, embryos were allowed to develop to the desired stage at 238C. 54 Whole mount detection of apoptosis on amphioxus embryos using TUNEL methodology Detection of apoptotic DNA degradation was carried out with the ONCOR ApopTag in situ Apoptosis Detection kit (INTERGEN, USA) following supplier instructions, with some modifications. Embryos stored in 70% ethanol were rehydrated in PBT (0.1% Tween in PBS), washed in PBS (phosphate buffered saline), digested with 2.5 mg/ml proteinase K for 5 min at 378C, washed in PBS, and equilibrated in ONCOR Equilibration Buffer. Terminal deoxynucleotidyl transferase reaction was carried out according to the manufacturer instructions using digoxigenin-dUTP as substrate, for 12 h at 48C plus 2 h at 378C. The reaction was terminated by rinsing the embryos in PBS-1 mM EDTA for 40 min at 378C, followed by washes in TBST (0.14 M sodium chloride, 10 mM potassium chloride, 25 mM Tris-Cl pH 7.0 and 0,1% Tween) and a heat inactivation step of 20 min at 658C. Subsequent inmunodetection and chromogenic reaction was essentially adapted from the whole mount hybridization protocol described below. Briefly, the embryos were incubated with 0.5% Blocking Reagent (Boehringer Mannheim), 2 mg/ml BSA in PBT for 1 h at room temperature, followed by incubation with anti-Digoxigenin antibody coupled to alkaline phosphatase (Boehringer Mannheim) diluted 1 : 3000 in the same blocking buffer, overnight at 48C. Embryos were extensively washed for 24 h in PBS and staining developed using nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) substrates. Reaction was stopped within 60 min with PBS. Colour reaction was fixed with 4% paraformaldehyde in PBS and stained embryos were mounted in glycerol for photography.
Whole mount in situ hybridization
Detection of AmphiCASP-3/7 messenger during development was carried out essentially as described. 55 Ribonucleotide probes were synthesised from the PstI/HindIII 1.4 kb fragment or from the most 5' PstI 0.7 kb subclone (see Figure 2A ). Both probes gave rise to identical results. Figure 8 AmphiCASP-3/7 does not restore the apoptotic phenotype in staurosporine-treated MCF-7 cells. MCF7 cells transiently transfected with the indicated plasmids (empty vector, pCDNA3; AmphiCASP-3/7, CSP37; truncated AmphiCASP-3/7, DCASP37; human caspase-3, CASP3) were treated with 500 nM staurosporine (+) or left untreated (7) . (A) RIPA extracts were loaded either into 6% or 15% polyacrilamide gels for the a-fodrin and DFF45 Western blot analysis, respectively. The molecular weights that are indicated in the right part of the figure are those reported for the intact proteins and the corresponding specific fragmentation products. Membranes were stripped and reprobed with a FLAG antibody to assess the expression of the transfected constructs, and further reprobed with a a-tubulin antibody to control protein loading. Only caspase-3 expressing cells were able to degrade a-fodrin and DFF45 in their corresponding p120 and p11 specific fragments. An amphioxus cDNA library representative of 6-h to 20-h post fertilization embryos (a gift from J Langeland) was screened under middle stringency conditions using the CSPF7 degenerate PCR product as a probe. Approximately 10 6 p.f.u. were hybridised in the buffer described by Church and Gilbert 56 at 608C. Positive clones were plaque purified and excised in pBluescript II (SK+) according to manufacturer's instructions. Since sequencing of positive clones with degenerate primers was proved unsuccessful, degenerate PCR was performed to confirm the resulting cDNAs, which were then mapped by restriction analysis and sequenced with specific primers.
Genomic analysis by Southern blot
Genomic DNA was extracted from a single organism, digested with three different restriction enzymes, resolved on 0.7% agarose gels and transferred onto Hybond-N Amersham membranes. 57 Hybridisation conditions were the same as for library screening. Briefly, hybridisation was carried out in 0.5 M Na 2 HPO 4 pH 7.2, 1 mM EDTA (sodium ethylenediaminetetraacetic acid) pH 8.0, 1% BSA (Bovine serum albumin, V Fraction, Sigma), 7% SDS (sodium dodecyl sulphate) and 100 ng of a 10 9 c.p.m./mg specific 32 P random primed labelled probe corresponding to the KpnI band of 1.4 kilobases (kb), for 20 h at 608C. Filters were washed in 40 mM Na 2 HPO 4 buffer pH 7.2, 1 mM EDTA, 5% SDS for 15 min at 608C two times, then with phosphate buffer 40 mM pH 7.2, 1 mM EDTA and 1% SDS 15 min at 608C twice. Exposition was performed on super RX from Fuji with intensification screens for 1 week.
Phylogenetic analysis
Alignment of vertebrate and Drosophila caspases with short prodomains with that of amphioxus was performed by using the CLUSTAL-X computer program. 58 Phylogenies were reconstructed both by the Neighbour Joining Method 59 of the CLUSTAL-X package and the Maximum Parsimony Method of the MEGA program version 2.0. 60 Confidence of the results thus generated was assessed by performing either 1000 or 100 bootstrap re-samplings of the data for the distance and parsimony methods, respectively.
Cell lines, expression constructs and transfections
Human breast carcinoma MCF7 cells 61 were cultured in DMEM containing 10% foetal calf serum. Human embryonic kidney 293T cells 62 were cultured in MEM containing 10% horse serum. Unless otherwise stated, all media and reagents were purchased from Sigma (St. Louis, MO, USA).
The 984 bp coding region of AmphiCASP-3/7 was amplified from a cDNA clone by polymerase chain reaction with primers CSP37NHF: CCCAAGCTTCATATGGACGATTCGTGCGACGCTCCA and CSP37HR: CCCCAAGCTTCTGTGATTTCGGAGACAGGAA (nucleotides corresponding to cDNA sequence are underlined). Amplified product was purified and cloned in the NdeI/HindIII sites of PET21a (Novagen, Darmstadt, Germany).
The whole coding sequence of AmphiCASP-3/7 and a form lacking the prodomain were amplified with forward primers CSP37EF: GGAATTCATGGACGATTCGTGCGACGC and D CSP37EF: GGAATTCATGGCAACGAAGGGCGCATCGGCA respectively, and the reverse primer CSP37XR: CCCGTCTAGACTGTGATTTCGGA-GACAGGA (nucleotides corresponding to cDNA sequence are underlined, and the new start codon of the truncated caspase is indicated in italic). Both products were cloned in the EcoRI/XbaI sites of a pCDNA3-derived vector that fused the FLAG epitope at the carboxy-terminus of the protein.
Human caspase-3 and -7 were PCR amplified and cloned following similar strategies, with primers designed to amplify the ORF derived from the GenBank sequences with accession numbers NM 004346: and NM 001227, respectively.
The catalytic cysteine residue of AmphiCASP-3/7 was mutated to a serine residue by the Quickchange mutagenesis strategy (Stratagene, La Jolla, California) with the rTth DNA polymerase XL (Perkin Elmer) by using the PET21a constructs as templates. A second silent mutation, which generates a new restriction site, was introduced to make easier the selection of positive constructs. For the AmphiCASP-3/7 directed mutagenesis, primers used were CSP37-C/S-F: CCCAAACTCTTCTTTCTACAaGCtTcTCGAGGGAATGAGTTTGACC and CSP37-C/S-R: GGTCAAACTCATTCCCTCGAgAaGCtTGTA-GAAAGAAGAGTTTGGG, which introduced a new HindIII restriction site (underlined). For the HEK 293T induced cell death, a total of 10 5 cells were seeded in 35-mm dishes. Twenty-four hours later, cells were cotransfected in triplicate with 6 mg of the adequate expression plasmids by the calcium phosphate method. 57 1.5 mg of enhanced green fluorescent protein (EGFP) expressing plasmid was included systematically in all experiments to recognise transfected cells during counting. The total amount of transfected plasmid was adjusted with empty-pcDNA3 to be always the same in individual experiments. Thirty-six hours post-transfection cells were stained with 0.5 mg/ml of Hoechst 33258, and the number of apoptotic versus normal nuclei in EGFP expressing cells was scored using and inverted Olympus microscope equipped with epifluorescence optics under UV illumination. Experiments were repeated twice and no less than 100 cells were counted per condition. Statistical significance was determined by Student's t-test.
Western blot analysis
Cells were extracted in RIPA total buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 150 mM NaCl, 1% Nonidet P-40, 1% deoxycholate, 0.1% SDS, 1 mM PMSF) and protein was quantitated in the supernatants (Bio Rad DC Protein Assay, Bio Rad, Hercules, CA, USA). Fifty mg of protein per condition were loaded in SDS-polyacrylamide gels. Proteins were electrotransferred from the gels to Immobilon filters (Millipore, Bedford, MA, USA) with a semidry methodology and they were reacted with the appropriate primary antibody. Immunoblots were further incubated with the adequate secondary antibodies conjugated with peroxidase (Sigma). Subsequently, blots were developed with the chemiluminescent SuperSignal West Dura Extended Duration Substrate (Pierce, Rockford, IL, USA). The a-fodrin (Chemichon), DFF45 (StressGen), a-tubulin (Sigma) and FLAG (Sigma) antibodies were purchased commercially.
DNA ladder analysis
MCF7 cells were homogenised in 600 ml of NDS lysis buffer (0.5 M EDTA, 1% lauryl sarcosine, 10 mM Tris-HCl pH 9.5). Homogenates were clarified by centrifuging at 13.0006g for 15 min, supernatants were collected to a new tube and extracted with phenol : chloroform:isoamyl alcohol (25 : 24 : 1). DNA was precipitated with two volumes of cold ethanol and 0.5 volumes of 7.5 M ammonium acetate. Precipitate was washed once in 70% ethanol and resuspended in TE (1 mM EDTA, 10 mM Tris-HCl, pH 8.0) containing DNase-free RNase at a final concentration of 20 mg/ml. DNA was analyzed in 1.8% agarose gels in TAE buffer (1 mM EDTA, 40 mM Tris-acetate pH 7.6). 
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